Abstract A remarkable example of maladaptive plasticity is the development of epilepsy after a brain insult or injury to a normal animal or human. A structure that is considered central to the development of this type of epilepsy is the dentate gyrus (DG), because it is normally a relatively inhibited structure and its quiescence is thought to reduce hippocampal seizure activity. This characteristic of the DG is also considered to be important for normal hippocampaldependent cognitive functions. It has been suggested that the brain insults which cause epilepsy do so because they cause the DG to be more easily activated. One type of brain insult that is commonly used is induction of severe seizures (status epilepticus; SE) by systemic injection of a convulsant drug. Here we describe an alteration in the DG after this type of experimental SE that may contribute to chronic seizures that has not been described before: large folds or gyri that develop in the DG by 1 month after SE. Large gyri appeared to increase network excitability because epileptiform discharges recorded in hippocampal slices after SE were longer in duration when recorded inside gyri relative to locations outside gyri. Large gyri may also increase excitability because immature adult-born neurons accumulated at the base of gyri with time after SE, and previous studies have suggested that abnormalities in adultborn DG neurons promote seizures after SE. In summary, large gyri after SE are a common finding in adult rats, show increased excitability, and are associated with the development of an abnormal spatial distribution of adult-born neurons. Together these alterations may contribute to chronic seizures and associated cognitive comorbidities after SE.
Introduction
The plasticity of the normal brain of mammals is remarkable and typically associated with beneficial effects on behavior. However, there are examples of plasticity that are 'maladaptive' or harmful, such as the plasticity which leads to epilepsy after a brain insult or injury.
One of the most common animal models of this type of epilepsy uses severe seizures (status epilepticus; SE) as the insult to initiate the development of epilepsy (Pitkanen et al. 2006 ). Experimental SE is typically induced by an injection of the chemoconvulsant pilocarpine or KA (BenAri et al. 1979; Nadler 1981; Turski et al. 1983; Levesque et al. 2016) . After SE, diverse changes occur, from structural alterations to changes in gene expression and physiology (Dudek et al. 2002; Leite et al. 2002; DeLorenzo and Sun 2006; Taniura et al. 2006; Lukasiuk and Pitkanen 2007; Debski et al. 2016) . Alterations occur in neurons, glia and the vasculature both in and outside the DG (Heinemann et al. 2012; Marchi and Lerner-Natoli 2013; van Vliet et al. 2015; Binder and Hubbard 2016; Vezzani et al. 2016) . Together the changes in the DG are thought to contribute to epilepsy, i.e., recurrent spontaneous seizures, in the weeks and months after SE Noebels et al. 2012; Goldberg and Coulter 2013; Scharfman 2015) .
The DG has been increasingly implicated as a key site in the development of epilepsy after a brain insult. One reason for the focus on the DG is based on the idea that the DG normally acts like an inhibitory filter or gate, making incoming afferent input from the entorhinal cortex unlikely to cause action potentials in the principal cells of the DG, the granule cells. As a result, the effects of entorhinal cortical activity on hippocampal neurons are limited by the DG. Thus, the DG is considered to be a barrier to seizure entry into hippocampus and seizures develop when this barrier weakens (Heinemann et al. 1992; Lothman et al. 1992; Ang et al. 2006; Hsu 2007; Pathak et al. 2007; Pun et al. 2012; Krook-Magnuson et al. 2015) . Within the DG, numerous mechanisms have been identified which may contribute to the weakening of the 'DG inhibitory gate' that weakens in epilepsy. For example, SE typically leads to neuronal loss in the hilar region, and many changes to the principal cells, the glutamatergic granule cells (GCs; (Mello et al. 1993; El Bahh et al. 1999; Roncon et al. 2015) . Another effect of SE is to dramatically change the generation of new GCs in the adult brain, called adult neurogenesis. There is a dramatic increase in proliferation after SE, originally shown by Parent et al. (1997) . Many of the newly born GCs develop impairments in structure, location and integration into the preexisting circuitry (Scharfman 2004; Overstreet-Wadiche et al. 2006b; Shapiro et al. 2008; Zhao and Overstreet-Wadiche 2008; Hester and Danzer 2014; Jessberger and Parent 2015) . Another structural change is the growth of collaterals or 'sprouting' of the axons of GCs (Nadler 2003; Sutula and Dudek 2007; , which often arise from abnormal adult-born neurons (Scharfman et al. 2000; Pierce et al. 2011) . Notably, there is evidence that aberrant neurogenesis leads to hyperexcitability and epilepsy (Cho et al. 2015) , even without SE (Koyama et al. 2012; Pun et al. 2012; Myers et al. 2013 ). Importantly, there are studies which suggest that some neurons born after SE, possibly those that mature normally rather than abnormally, may quiet the DG network after SE rather than promote seizures (Jakubs et al. 2006) , consistent with the evidence that normal adult-born neurons reduce evoked seizures (Iyengar et al. 2015) .
In this context of very active research into the changes in the DG in epilepsy, we report another structural change which to our knowledge has not been described: greatly increased gyrification. Thus, large gyri develop in the GC layer after SE. The large gyri appear to be primarily in one part of the DG: the inferior blade of the most caudal region. The gyri develop after either pilocarpine-induced or KAinduced SE in the adult rat. We first characterized the large gyri with different anatomical markers and quantified them. Then we found that the large gyri appeared to be sites of increased network excitability. To do so we used hippocampal slices to show that epileptiform discharges recorded from the GC layer were prolonged inside gyri relative to adjacent areas of the GC layer outside of the gyri. Finally, we acquired evidence that these large gyri after SE reflect a new type of aberrant neurogenesis. Thus, using an antibody to doublecortin (DCX) to mark immature GCs we found that young adult-born neurons were increasingly clustered at the base of large gyri as animals aged several months after SE. By 7-11 months after SE we found that large gyri are almost exclusively the location of immature neurons in the inferior blade of the caudal DG.
We conclude that gyrification is a striking structural change in the rodent DG after SE in the adult rat and probably has not been reported before because most laboratories study the most anterior part of the DG. In addition, increased gyrification appears to contribute to increased excitability in the DG after SE, and adds to the growing list of abnormalities in adult neurogenesis in experimental epilepsy.
Materials and methods
Animal care and use followed the guidelines set by the National Institute of Health and the New York State Department of Health. All chemicals were purchased from Sigma Chemical Co. unless otherwise stated. Animals were purchased from Taconic Farms Inc. and bred in-house. They were housed in standard rat cages with 1-2 other rats of the same sex, had food (Purina 5001; W.F. Fisher and Son Inc.) and water ad libitum, and were maintained on a 12:12 h light:dark cycle.
Induction of SE

Pilocarpine
Adult male Sprague-Dawley rats (1.5-2-month-old, 180-250 g) were injected with atropine methylbromide (1 mg/kg, s.c.) to decrease peripheral side effects of pilocarpine, and 30 min later with pilocarpine hydrochloride (380 mg/kg, s.c.). The onset of SE was defined as the first stage 4-5 seizure (Racine 1972 ) that did not end, meaning animals did not resume normal behavior (grooming, feeding, normal gait) after 3 min. Diazepam (5 mg/kg, s.c., Wyeth-Ayerst) was injected 1 h after the onset of SE to decrease the severity of SE. Approximately 5 h after the onset of SE, animals were injected s.c. with 2.5 ml of 5% dextrose in lactated-ringers solution (Henry Schein Inc.). Controls were age-matched and were injected with atropine, saline (0.9% NaCl) and diazepam using the volumes and times that would normally be used for pilocarpine treatment. After SE and for approximately 7 days, food intake was encouraged by placing chow and apples (that were cut open) at the bottom of the cage.
Female rats (2-3-month-old) were also administered pilocarpine. The first eight females that were used did not have SE after 380 mg/kg of pilocarpine and another eight did not have SE when the dose was 400 mg/kg, which we reported before (Scharfman and MacLusky 2014; D'Amour et al. 2015) , so KA was used (see below).
KA KA (12 mg/kg; Milestone Pharmatech USA Inc.) was injected in male and female rats at the same ages as those used for pilocarpine, with methods described elsewhere (Scharfman and MacLusky 2014; D'Amour et al. 2015) . All males and females exhibited SE in response to KA (n = 5 and 6, respectively).
KA-induced SE was defined differently from pilocarpine-induced SE because animals appeared to develop SE after KA injection by the time of the first stage 3 seizure but the first stage 4-5 seizure after pilocarpine. In KAinjected rats, normal behavior did not resume after the first stage 3 seizure, and animals had persistent twitching of the body and limbs. In the subsequent hour they had stage 4-5 convulsions intermittently. Therefore, we defined the onset of SE after KA as the first stage 3 seizure that was not followed by a resumption of normal behavior. Diazepam (5 mg/kg s.c.; Wyeth-Ayerst, Collegeville, PA) was injected 1 h after the first stage 3 seizure to reduce the severity of seizures. Animals were administered 5% dextrose in lactated-ringers solution after approximately 5 h, such as the pilocarpine-treated male rats. Post-SE treatment was the same as pilocarpine-treated rats.
Anatomy
Immunohistochemistry
After deep anesthesia with urethane (2.5 g/kg), animals were perfused transcardially with saline for 3 min followed by 4% paraformaldehyde (PAF) in 0.1 M phosphate buffer (PB, pH 7.4) for 3 min, as previously described (Scharfman et al. 2002b ). Brains were left in the skull overnight at 4°C and removed the next day. They were postfixed in 4% PAF in 0.1 M PB (pH 7.4) at 4°C and sectioned (50 lm) using a vibratome (Vibratome 3000; Ted Pella Inc.).
Immunocytochemistry was performed as previously described (Scharfman et al. 2002b ). Sections were processed using free-floating sections that were initially washed twice (5 min each) in 0.1 M Tris buffer (pH 7.6) and treated with 1% H 2 O 2 made in 0.1 M Tris buffer (pH 7.6; 30 s). Sections were then washed in 0.1 M Tris buffer (pH 7.6; 5 min) and then treated with 0.25% Triton X-100 dissolved in 0.1 M Tris buffer (Tris A; 45 min), followed by 5% normal goat serum (for polyclonal antibodies) or 5% horse serum (for monoclonal antibodies), diluted in Tris B (0.1% Triton X-100 dissolved in 0.005% bovine serum albumin; BSA) for 45 min.
Next, sections were washed in Tris A (10 min) and then in Tris B (10 min) and incubated in an antibody to DCX (goat polyclonal, 1:6000, Santa Cruz Biotechnology Inc., diluted in Tris A) overnight at room temperature on a rotating shaker. Details about the antibody are provided in Table 1 .
On the following day, sections were treated with Tris A (10 min) followed by Tris B (10 min) and then incubated for 45 min with a biotinylated secondary antibody (1:400, Vector Laboratories). Sections were washed in Tris A (10 min), and finally incubated for 2 h in avidinbiotin horseradish peroxidase complex (ABC) diluted in Tris A (ABC Elite kit, 1:1000, Vector). Sections were washed three times in 0. 
Timm and Cresyl stain
For Timm stain, animals were perfused with 0.9% saline for 3 min followed by 0.37% sodium sulfide in PB (pH 7.2) for 5 min, 0.9% saline for 2 min, and finally 4% PAF for 10 min. Sections (50 lm) were mounted on slides that were pre-treated with gelatin so that sections remained adhered to the slide. They were processed for Timm stain as previously described (Scharfman et al. 2002b ). Cresyl violet stain was conducted as previously described (Scharfman et al. 2002b a.m. and 5:00 p.m.) for six consecutive days. Animals were euthanized at least 4 weeks later, perfusion-fixed, and sectioned as described above (''Immunohistochemistry''). Details of the processing for BrdU are provided elsewhere (Scharfman et al. 2000 (Scharfman et al. , 2002a . After the reaction, sections were washed in Tris buffer three times (5 min each) and then processed for NeuN labeling immediately. Processing for NeuN followed previously described procedures for use of NovaRed as a chromagen [Vector; (Scharfman et al. 2000 (Scharfman et al. , 2002a ]. Double-labeled cells were defined by a BrdU-labeled nucleus surrounded by a NeuN-labeled cytoplasm as described previously (Scharfman et al. 2000 (Scharfman et al. , 2002a .
Analysis
The length of the GC layer was measured after tracing a line corresponding to the center of the GC layer at 109 using Bioquant Lifetools software (Bioquant Inc.) and a brightfield microscope (Axioskop; Carl Zeiss Inc.). In some sections, there were complex invaginations of the GC layer at one of the poles or tips of the DG (i.e., Fig. 2 ). In these cases, the GC layer was not measured. For quantification of labeled cells in the GC layer, the borders of GC layer needed definition. This is difficult because there are cells that are close to the GC layer that some laboratories suggest are normal GCs but dispersed, and others suggest they are part of the molecular layer or hilus and ''ectopic.'' Here the GC layer was defined as the region where GCs were contiguous. At the border of the GC layer and inner molecular layer or the border of the GC layer and hilus, a cell was defined as outside the GC layer if there was a space between it and the closest cell in the GC layer which was at least the diameter of a GC (10 lm).
Measurements of gyri were made starting at approximately 5.8 mm posterior to Bregma (where the dorsal and ventral DG come together) until approximately 6.2 mm posterior to Bregma (the last section where the CA3 cell layer is detected; (Paxinos and Watson 2007) . More posterior parts of the DG were not used because the GC layer was irregular in this location in both controls and epileptic rats, presumably because it is cut at angles to the cell layer where the DG ends.
To measure the number of gyri per hippocampus, we used an approach that took into account the fact that most gyri continued from one 50-lm-thick section to subsequent sections. Therefore, all sections from one hippocampus were examined from 5.8 to 6.2 mm posterior to Bregma to calculate the number of gyri per hippocampus. In addition, sequential sections were used to find the section where a given gyrus was largest, and measurements of depth were made in that section. 
Terminology
The terms 'dorsal' and 'ventral' refer to the surfaces of the brain, not parts of the hippocampus. Therefore, in sections cut in the coronal plane the dorsal part of the section is simply the part closest to the dorsal surface, and does not necessarily mean the dorsal half of the hippocampus. This is important because the dorsal half is often thought of as the part close to the septal pole. Note that the terminology does not apply to the human hippocampus, where the most anterior portion is ventral to the most posterior region.
Electrophysiology
Slice preparation
Animals were anesthetized deeply by placement in a glass jar with isoflurane at the base (Aerrane, Henry Schein Inc.). After loss of consciousness the head was removed with a small animal decapitator and the brain was immediately removed and placed in ice cold buffer (276 mM sucrose, 5 KCl, 2CaCl 2 , 2 MgSO 4 , 26 NaHCO3, 1.25 NaH 2 PO 4 , 10 D-glucose). Slices (400-lm thick) were cut at a 15°angle to the coronal plane using a Vibroslicer (World Precision Instruments). Slices were immediately placed in a plexiglass recording chamber (made in-house) where slices were maintained on a nylon mesh at an interface of ACSF and humidified air. Warm, humidified air was vented into the inner slice chamber from a larger plexiglass outer chamber containing distilled H 2 O aerated with 95% O 2 /5% CO 2 and maintained at 32 ± 0.5°C with a feedback temperature controller (Scientific Systems Design Inc). After 30 min, buffer was replaced with one that substituted 125 mM NaCl for sucrose. Recordings began 30 min thereafter. Slices were perfused from below at 1-2 ml/min using a peristaltic pump (Minipuls 2, Gilson Inc.).
Pharmacology
Bicuculline methiodide was dissolved in 0.9% NaCl and stored frozen (-20°C) as a stock solution (10 mM) until the day of the experiment when it was diluted in ACSF to reach the final concentration (10 lM).
Analysis
Epileptiform burst discharges were bursts of population spikes superimposed on a positive slow potential, corresponding to paroxysmal depolarization shifts in GCs (Rutecki et al. 1985; Hwa et al. 1991; Scharfman 1994a, b; Scharfman et al. 1999; McCloskey and Scharfman 2011) and were evoked by an outer molecular layer stimulus approximately 300 lm away. The stimulating electrode (monopolar, Teflon-coated stainless steel wire, 75 lm wide including the Teflon; A&M Systems Inc.) was placed on the slice surface at the midpoint between the two recording sites (one at the peak of a gyrus and the other at a site adjacent to the gyrus). GC layer recordings were at the GC/ hilar border of the cell layer. A 100 lA stimulus was set at duration (typically 30-50 ls) to evoke a burst of population spikes in response to every other stimulus (''threshold''). Stimulus frequency was low so that repeated stimulation would not alter the response (1/60 s). Only one slice was used per animal. Burst duration was measured from the onset of the burst to the point where it returned to the pre-stimulus potential. Burst amplitude was measured from baseline to the peak.
Statistical comparisons
Mean ± standard error of the mean (s.e.m.) is reported in the ''Results''. The significance level was p \ 0.05. For parametric statistics, a Student's t test (two-tailed) was used to compare two groups and one-way or two-way ANOVA followed by Tukey-Kramer post hoc tests were used for [2 groups. Interaction of factors are only reported in the Results where they were significant (p \ 0.05). For nonparametric statistics, a Mann-Whitney U test was used for two groups and a Kruskal-Wallis ANOVA was used for [2 groups. Non-parametric statistics were used when some values were 0 (i.e., some rats had 0 gyri). Tests were conducted using Graph Pad Prism (GraphPad Software, San Diego, CA).
Results
Subjects
This study is based on more than 70 rats. For pilocarpineinduced SE, there were 47 rats that has pilocarpine and all had SE. There were 12 saline controls. Most rats that had SE were examined [1 month after SE to determine basic characteristics of gyrification. Saline controls were euthanized 8.1 ± 2.0 months after saline (n = 12), an age range that was not statistically different from the pilocarpinetreated rats that were euthanized [1 month after SE (7.6 ± 1.0 months; n = 29; Student's t test, p = 0.707).
To determine the time-dependence of gyrification, additional pilocarpine-treated animals were euthanized 1-3 days (n = 5), 7-8 days (n = 5) or 14-17 days (n = 5) after SE. To determine if the effects of SE in male rats were similar in females, KA was used because it elicits SE reliably in males and females but pilocarpine often fails to elicit SE in females (Scharfman and MacLusky 2014; D'Amour et al. 2015) . For these experiments, five male rats and six female rats were injected with KA, had SE, and were euthanized [1 month later. All animals that had SE appeared to develop epilepsy because at least one spontaneous stage 3-5 seizure was detected 4 weeks or longer after SE.
Gyrification in the DG after SE
Using coronal sections, gyri in the GC layer were evident in all rats that had SE but were not detected or small in control rats ( Fig. 1 ; Table 2 ). Gyri were predominantly in the sections of the DG that were most posterior, and in the inferior blade of these sections (Fig. 1 ). Large and complex invaginations of the GC layer were also found at the poles of the DG, most easily detected in the coronal plane (Fig. 2a) . In horizontal sections, where gyri were cut tangentially, gyri made the GC layer appear to have variations in thickness and location (Fig. 2b) . Figure 3 shows that lamination was maintained using the Timm stain even when gyri were large and numerous. Timm stain of coronal sections was used for this purpose because each sublayer of the DG (e.g., inner, middle and outer molecular layers) is distinct [ Fig. 3 ; (Blaabjerg and Zimmer 2007) ]. In epileptic animals, mossy fibers that are normal appear black (i.e., in the hilus); sprouted mossy fibers in the inner molecular layer appear black, the middle molecular layer is clear of Timm stain, and gold stains the outer molecular layer because of a moderate concentration of zinc in the axons of the lateral perforant path [ 
Quantification of DG gyri
To determine if gyri were significantly greater in rats that had SE compared to controls, we compared the numbers of gyri and the depth of the gyri. We defined a gyrus as a fold in the DG that was greater than 100 lm because the GC layer is approximately 100 lm wide (measured from the GC layer/hilar border to the GC layer/inner molecular layer border; Fig. 5a ). The depth of the gyri were measured from a line drawn between the base or ''mouth'' of a gyrus to the GC layer/hilar border at the apex or peak of the gyrus (Fig. 4a) . The base was defined from a line drawn between the GC layer/hilar border at one edge of the gyrus to the GC layer/hilar border at the other edge of the gyrus (Fig. 4a) .
We first examined pilocarpine-treated rats that were perfused[1 month after saline or pilocarpine. In controls, 6 of 12 controls had 1 gyrus and the other 6 had none. In contrast, all animals had gyri after SE (n = 29). The mean gyrus depth in saline controls was different from pilocarpine-treated rats. This was true when only saline controls with gyri were included (saline controls, n = 6; pilocarpine-treated, n = 29; Fig. 4b1 ) or when all controls were included, even rats without folds (saline controls, n = 12; pilocarpinetreated, n = 29; Mann-Whitney U test, p \ 0.0001).
The largest gyrus was 240 lm deep in saline controls and 780 lm in pilocarpine-treated rats. The means for each group were significantly different when saline controls with gyri were included (saline controls, n = 6; pilocarpine, n = 29; Fig. 4b1 ) or if all controls were included (saline controls, n = 12; pilocarpine, n = 29; Mann-Whitney U test, p \ 0.0001). When all controls were included, even those without gyri, the mean number of gyri in saline controls (mean 0.50 ± 0.11; range 0-1, n = 12) was different from pilocarpine-treated rats (1.83 ± 0.16, range 1-4, n = 12; Mann-Whitney U test, p \ 0.0001; Table 1 ; Fig. 4b2 ).
In KA-treated rats examined [1 month after SE, the mean gyrus depth, largest gyrus, and number of gyri were not statistically different from pilocarpine-treated rats [1 month after SE (Table 1 ; Fig. 4c1, 2) . Males that had KA-induced SE were not different from females that had KA-induced SE except for the length of gyri, where the Measurements of gyri are shown for saline controls, pilocarpine-treated rats after SE, and KA-treated rats after SE Fig. 2 a Invaginations in the GC layer at the poles of the DG after SE. a1 A Nissl-stained coronal section from a pilocarpine-treated rat that had SE shows invaginations at the dorsal tip (also called the pole) of a section from the posterior DG (arrows). 2 A section from another rat at a more posterior location. In this animal, there was a complex invagination and extension of the GC layer in the dorsal pole. Dorsal is to the left and medial is down. MOL molecular layer. HIL hilus. GCL granule cell layer. Calibration, 200 lm. b Gyri after SE in horizontal sections 1, 2. Two sections from a pilocarpine-treated rat after SE that were cut in the horizontal plane. b1 is more ventral than b2. These sections were stained with an antibody to the neuronal antigen NeuN. Arrows point to areas of the GC layer corresponding to gyri cut at a tangent (1) or along the midline of the gyrus (2). 3 A Timm-stained section from another pilocarpine-treated rat that had SE shows large areas of mossy fiber sprouting in the area corresponding to the gyrus (arrow). Calibration in b1-3, 100 lm
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Time course of gyrification
To determine when gyri develop after SE, we varied the time between SE and perfusion-fixation (Fig. 5a-c ). There were few gyri 1-3 days after SE, and they were small (maximum depth, 165 lm, n = 5; Fig. 5a-c) . In rats that were evaluated 7-8 days after SE, gyri were also rare and small (maximum depth, 220 lm; Fig. 5a-c) . In animals that were examined 14-17 days after SE, gyri were often large (maximum depth, 450 lm, n = 5; Fig. 5a-c) . Comparisons of mean gyrus length, largest gyrus length and number of gyri showed that there were significant differences with time after SE, with 1-3 and 7-8 days groups significantly different from rats that were [1 month after SE (one-way ANOVAs and Tukey-Kramer post hoc tests, p \ 0.05; Fig. 5a-c) . Therefore, gyri increased significantly over the first weeks after SE. When animals were examined that were perfused [1 month after SE, mean gyrus depth appeared to be independent of time after SE because there was no significant correlation between time after SE and mean gyrus depth (range 1-18 months after SE; n = 29; p = 0.320; Fig. 5d ). The correlation between time after SE and mean gyrus length also was not significant (p = 0.315; Fig. 5e ).
Physiological function of gyrification after SE
One would predict that gyri might show increased excitability because there are more closely packed GCs than normal, causing nonsynaptic interactions (Jefferys 1995; Dudek and Sutula 2007) ] o by exposing slices to an antagonist of GABA A receptors (bath-application of 10 lM bicuculline) and then eliciting an epileptiform discharge with an afferent stimulus to the outer molecular layer. The outer molecular layer was chosen because it is the location of perforant path axons that synapse on GC dendrites, a primary source of excitatory input. During epileptiform discharges caused by exposure to bicuculline there were multiple action potentials in GCs, which correspond to population spikes recorded in the GC layer (Fig. 6a) .
Notably, bath-application of bicuculline did not elicit spontaneous discharges. In response to stimulation, burst discharges were elicited that were all-or-none, i.e., a burst discharge was produced or there was almost no response to stimulation. These data are consistent with the idea that the Fig. 3 Timm stained sections from an animal that had pilocarpine-induced SE show large gyri maintain their lamination. At low power (a) and at higher power (b-d), lamination appears to be normal, i.e., the GC layer and subdivisions of the molecular layer are not distorted in the gyri. IML inner molecular layer, MML middle molecular layer, OML outer molecular layer. Note that b, c are areas of a (indicated by the black bar) that are shown at higher gain. d is an area of c, indicated by the black bar, which is shown at higher power. Calibration, a 250 lm; b, c 100 lm; d 50 lm epileptiform burst discharges produced in hippocampal slices in response to disinhibition, elevated [K ? ] o (or other conditions that favor epileptiform activity) are paroxysmal depolarization shifts (PDSs) that are all-or-none sudden, large depolarizations that initiate repetitive firing (Scharfman 1994a (Scharfman , b, 2015 Scharfman et al. 1999; McCloskey and Scharfman 2011) .
A stimulation strength and frequency of stimulation was chosen to elicit a burst discharge over 50% of trials.
We compared burst discharges at two recording locations in the GC layer that were equidistant from the stimulating electrode: the peak of a gyrus to one side of the stimulating electrode and a point adjacent to that gyrus on the other side of the stimulating electrode (Fig. 6a) . Interestingly, when a burst discharge occurred at one recording site, it also occurred at the other recording site, suggesting the ability to evoke a burst discharge was not different. Fig. 4 Quantification of gyri in control and experimental rats. a A schematic illustrates terminology and shows the quantification of gyrus depth. The depth was defined as the distance between the peak and mouth of a gyrus, with the peak defined by the GC layer/hilar border at the apex of the gyrus, and the mouth defined as the area around the base of a gyrus. b1 Mean gyrus length and the largest gyrus length are compared for saline-treated rats with gyri and pilocarpine-treated rats [1 month after SE. Sample sizes are at the base of the bar. A two-way ANOVA showed a significant effect of treatment (F(1, 66) 18.43, p \ 0.0001) but not an effect of the test (F(1, 66) 0.65, p = 0.421) and there was no interaction. Bonferroni's post hoc test showed a significantly greater length in pilocarpinetreated rats (both mean and largest length, p \ 0.05). 2 The number of gyri/hippocampus are shown for control and pilocarpine-treated rats that were [1 month after SE. Sample sizes are at the base of the bars. All controls were included. A Mann-Whitney U test showed that there were significantly more gyri in pilocarpine-treated rats (p \ 0.0001). c1 KA-treated rats are compared to pilocarpine-treated rats. All animals had gyri. A two-way ANOVA showed no effect of treatment (F(1, 114) 0.24; p = 0.621). 2 Male and female kainic acidtreated rats are compared. All animals were [1 month after SE and had gyri. A two-way ANOVA showed an effect of sex (F(1, 27) 8.95, p = 0.0059) and the type of test (mean gyrus length, largest gyrus length or number of gyri; F(2, 27) 206.60, p \ 0.0001) with an interaction (F(2, 27) 3.85, p = 0.034) because the one measurement that was significantly different between males and females was the largest gyrus length; it was significantly larger in females (Bonferroni's test, p \ 0.05) Brain Struct Funct (2017) Greater duration of evoked burst discharges inside gyri relative to outside gyri. a1 A schematic illustrates the stimulation site in the outer molecular layer between a gyrus and an area that did not have gyri. There were two recording sites, one inside the peak of the gyrus (1) and the other outside the gyrus (2), which were similar in distance from the stimulating electrode. Recordings were made in the presence of 10 lM bicuculline. 2 The response to a stimulus elicited an epileptiform burst discharge at both recording sites 1 and 2. Arrows mark a similar time after the start of the burst when the burst had ended at site 1 but had not at site 2. 3 A diagram of the measurements of burst amplitude and duration. b Burst amplitude (1) and burst duration (2) are compared for five slices from five different rats. Two-way ANOVA with location (in or outside the gyrus) and type of measurement (amplitude or duration) as factors showed a significant effect of location (F(1, 16) Amplitude and half-duration of burst discharges were compared (Fig. 6b) . Two-way ANOVA with location (in or outside the gyrus) and type of measurement (amplitude or half-duration) as factors showed a significantly greater burst duration in gyri compared to outside gyri, but burst amplitude was not significantly different inside vs. outside gyri (Fig. 6b) .
Adult neurogenesis and gyrification after SE
Next we addressed reasons for increased gyrification after SE. We hypothesized that one factor could be adult neurogenesis in the DG, because it increases greatly after SE, as originally shown by Parent et al. (1997) using systemic pilocarpine-induced SE in rats and later using systemic KA-induced SE in rats (Scharfman et al. 2000) . We hypothesized that if adult-born GCs accumulated in the DG, the GC layer might fold onto itself to accommodate the large population of GCs. This hypothesis is consistent with the literature about gyrus formation in the developing neocortex where it has been suggested that gyri form as neuronal number increases beyond what can be accommodated by the local constraints on size (Zilles et al. 2013; Sun and Hevner 2014) .
To test the idea we first asked if the GC layer increased in length in pilocarpine-treated rats after SE compared to controls. The pilocarpine-treated rats were perfused [1 month after SE. To determine length, animals used to quantify gyri (described above) were chosen. The total length of superior and inferior blades was summed as shown in Fig. 7a, b. A mean was calculated for eight controls and eight pilocarpine-treated rats [1 month after SE. Where there were elongations of the DG poles (Fig. 2a1 ) measurements were made that included the elongation but when the DG poles exhibited complex invaginations (Fig. 2a2) animals were excluded because tracing the GC layer became difficult to do objectively. The results should be considered in light of this exclusion, which is likely to have underestimated the GC layer length in animals that had SE because invaginations added substantially to the GC layer. Nevertheless, the results showed that the length of the GC layer was larger in pilocarpinetreated rats with SE relative to controls (Student's t test, p \ 0.0001; Fig. 7c ).
We also stained sections from pilocarpine-treated rats with DCX, a marker of immature neurons (Brown et al. 2003; Couillard-Despres et al. 2005) . In animals that were examined 3-11 months after SE (n = 6 pilocarpine-treated rats and 3 KA-treated rats), DCX labeling occurred intermittently in the GC layer of the most posterior part of the DG. As shown in Fig. 8a1 , 2, DCX-ir was relatively high in gyri. DCX-ir was also high at the poles of the DG where the GC layer appeared to have extensions (Fig. 8a3, 4) . To measure DCX-ir we examined the inferior blade and divided it into bins that were 300 lm in length (Fig. 8c1) . Where DCX-labeled cells were detected they were counted and plotted as shown in Fig. 8c2 . When four sections (from four different animals) were examined, DCX-ir cells were more prevalent near gyri and at the poles of the DG (Fig. 8d) .
In Fig. 9 , we used the same approach as in Fig. 8 to examine DCX-ir in animals that were 3-5 months after SE and 7-11 months after SE (Fig. 9a) . We found that at the younger ages the DCX-ir was not entirely associated with gyri ( Fig. 9b) but at older ages it was remarkably selective for gyri (Fig. 9c) .
The preferential localization of DCX-ir cells at the base of gyri suggested that there was preferential localization of adult neurogenesis at the base of gyri, so we conducted BrdU-labeling studies to address this idea. BrdU was injected for six consecutive days at 6 months of age after pilocarpine-induced SE and animals were examined Fig. 7 GC layer length increases after SE. a One of the control Nisslstained sections in Fig. 1 is shown with an arrow pointing to the tracing of the GC layer used to measure its length. b A section from the pilocarpine-treated rat in Fig. 1 is shown with an arrow pointing to the GC layer tracing. c A comparison of GC layer length in control and pilocarpine-treated rats shows that there was a significant increase in the length of the GC layer after pilocarpine-induced SE (Student's t test, p \ 0.0001) Brain Struct Funct (2017) 222:4219-4237 4229 4 weeks later (n = 5; Fig. 10a ). We found that BrdU labeling was extremely rare compared to labeling earlier in life (Fig. 10b) , and few cells were double-labeled with NeuN ( Fig. 10a-d ).
These data suggest that DCX-ir cells in large gyri of animals aged 7-11 months after SE were not recently born because the rate of adult neurogenesis is so low that at any time one would not expect a number of DCX-ir cells to arise at one Fig. 8 Gyri in animals after SE contain high numbers of immature GCs. a1, a2 A section from a rat after SE is shown at low power in a1 and higher power in a2. Arrows mark DCX-ir cells in the area of a small gyrus. Calibration, 200 lm (1) or 100 lm (2). 3 Drawing of the orientation of the section in a1, 2 with a box around the areas shown in the micrographs. b1, 2 A section from a different rat than A at one of the DG poles shows DCX-ir is high near the pole. Arrows point to examples of DCX-ir cells. Calibration for b1 is shown in a1. Calibration for b2 is shown in a2. 3 Drawing of the orientation of the section in b1, 2 with a box showing the location of the micrographs. c1 A schematic depicts the preferential location of DCX-ir cells in gyri of the inferior blade of the DG in a section located relatively far from the anterior pole. The methods used to graph DCX-ir cells in d are shown. The inferior blade was stretched out to form a single line. Then it was binned into 300 lm segments. DCX-ir cells in each bin were quantified. 2 A graph of the DCX-ir cell numbers per bin shows that when DCX-ir cells were present, they either were near the poles of the DG or the bin corresponded to the location of a gyrus (denoted by red symbols). When there was no detectable DCX-ir, there was no gyrus (black symbols). d Quantification of DCX-ir cells in bins of the inferior blade in four sections (four rats) show areas of high DCX labeling are where gyri were present. At the start and end of the graph, where the DG poles are located, DCX labeling is also high. When cells are located near a gyrus the symbol is red and when there was no gyrus the symbol is black location, such as a gyrus. Instead, DCX-ir in large gyri of older animals might result from accumulation of DCX-ir cells over months. In this situation, DCX-ir may occur for long periods of time because DCX-ir cells stall in their maturation. This hypothesis is supported by studies of rodents after SE where adult-born neurons have delayed maturation (OverstreetWadiche et al. 2006a ) and studies in the normal rodent where the temporal DG shows a slower maturation than the more anterior portion near the septum (Snyder et al. 2012 ).
Discussion Summary
The major finding of this study is that gyri become very large in the inferior GC layer of the most posterior part of the DG after pilocarpine-or KA-induced SE in the adult rat. This increased gyrification was robust, with a single gyrus reaching almost 800 lm in depth and occurring in all rats that were examined [1 month after SE. A second type of GC layer abnormality was found in the poles of the sections which had gyri, which was a complex elongation and twisting or invagination of the GC layer.
Despite the large size of many gyri in the inferior blade, the sublayers of the DG appeared to be maintained, using Timm stain as a marker of individual sublayers. Timm stain also showed that mossy fiber sprouting was similar in and beside gyri. However, Timm stain is only one way to look at DG lamination, and only provides a general view of the circuitry of the DG.
Gyri appeared to increase over the course of the first weeks after SE because in the days after SE the mean gyrus length was similar to controls, but small relative to those Fig. 9 DCX-ir in the DG is altered by time after SE. a A schematic illustrates the groups that were compared, 3-5 months (b) or 7-11 months after SE (c). Immuno = Immunohistochemistry. b1, 2 DCX-ir 4 months after SE. The area in 1 that is outlined by the box is shown at higher gain in 2. There is DCX staining in (arrows in 2) and beside (arrowheads in 2) a small gyrus. 3 A graph shows that animals that were examined 3-5 months after SE (n = 3) had DCX-ir cells in (red) and outside (black) gyri. Data from different rats are denoted by a different symbol. c1, 2 In a rat that was examined 10 months after SE, DCX-ir was only detected in gyri (arrows in 2). 3 A graph of four animals that were examined 7-11 months after SE shows DCX-ir in gyri more selectively than at the earlier ages graphed in b Brain Struct Funct (2017) 222:4219-4237 4231 found in rats [1 month following SE. However, exactly when the increased gyrification begins is not clear. The animals examined at 1-3 or 7-8 days after SE were not different statistically, but they were significantly different from animals [1 month after SE. These comparisons suggest that gyrification increases after 7-8 days have elapsed following SE but prior to 1 month. There was no correlation of gyrus length with longer times after SE (1-18 months), suggesting that gyri reach a plateau after 1 month. Fig. 10 BrdU labeling shows decreased adult neurogenesis 6 months after SE. a1 A timeline shows animals were injected with BrdU 6 months after SE (50 mg/kg, i.p., 2 times per day for six consecutive days, n = 5) and examined 1 month later. 2 A timeline shows other animals were injected early after SE (5-11 days after SE; n = 5) and examined 1 month later. b1 A micrograph of a representative section of the DG for a rat that was injected as shown in a1. BrdU-labeled nuclei (black arrow) were rare. NeuN immunoreactivity is orange/ brown. Calibration, 10 lm. 2 An example of robust BrdU labeling and double labeling (arrows) in a rat that was injected with BrdU as shown in a2. This image was created by merging three focal planes. c BrdU-labeled cells in the inferior blade of the posterior sections of the DG were quantified for five animals per group, either injected at young (blue) or old (green) ages. The older animals were injected as shown in a1 and the younger group was injected as shown in a2. 
Robust nature of gyrification
In our studies, gyri were extremely large and found in all animals if they were perfused 1 month or longer after SE. Therefore, it is strange that they have not been noted before. In the published literature, gyri are present, however. For example, large gyri appear in a study of KAinduced SE [ Fig. 2 ; (Bragin et al. 2002) ], epilepsy after traumatic brain injury [TBI; Fig. 1e ; (Pitkanen et al. 2009 )], and epilepsy after perinatal hypoxia [ Fig. 11 ; (Kadam and Dudek 2007) ]. Therefore, gyri are likely to be robust but not studied. These previous reports of animals after SE, TBI or hypoxia suggest that gyri develop because of any epileptogenic insult. However, gyri may develop for other reasons, because there were some gyri in saline controls, although they were small relative to epileptic rats. Interestingly, manipulating lysophosphatidic acid can cause gyri to develop in the cerebral cortex ex vivo in mice (Kingsbury et al. 2003) , suggesting that factors which regulate lysophosphatidic acid could influence DG gyri in the absence of an epileptic insult. Interestingly, the mechanism of gyrification was related to reduced neuron death and increased maturation of neural progenitor cells (Kingsbury et al. 2003 ) see also (Ye et al. 2002; Kingsbury et al. 2004 ). Therefore, a genetic or environmental change that causes more GCs to accumulate than normal could be sufficient to increase the gyri of the DG. Normally the ratio of accumulation vs. cell death of adult-born neurons may be similar, but genetic, environmental or other factors (e.g., SE) may increase the predisposition for accumulation or decrease cell death-leading to more gyrification.
Mechanisms underlying gyrification
The results showed that most of the increase in gyrification of rats after SE occurs in the first month after SE. This timecourse is consistent with a contribution from neuronal loss, which occurs mainly in the first days after SE and subsequently could trigger a reshaping over several weeks in the part which remains. However, not all animals with large gyri had extensive neuronal loss.
Another possibility is related to adult neurogenesis because there is a very large increase in GC proliferation after SE as first noted by Parent et al. (1997) for pilocarpine-induced SE. Therefore, the increase in gyrification could be caused by increased proliferation of GCs after SE. Although many of the newborn cells died shortly after their birth in the studies of Parent et al. (1997) , in our work, the newborn cells persisted for over a year (Scharfman et al. 2000) which may be due to the fact that we used an anticonvulsant to truncate SE much earlier than most laboratories, leading to reduced vulnerability of neural progenitors. The severity of seizures and consequent neuronal damage has been shown to influence adult neurogenesis after SE (Mohapel et al. 2004) . Therefore, increased gyrification may be caused by increased adult neurogenesis after SE. Other factors clearly influence gyrification because small gyri were observed in saline controls, as noted above.
Adult-born neurons that were immature were found to cluster at the base of gyri, even in very old animals. Although this observation would suggest that adult neurogenesis continues at these locations long after 1 month following SE, and contributes to increased gyrification [1 month following SE, other data suggest this is not the case. Thus, the rate of adult neurogenesis was extremely low 6 months after SE based on BrdU labeling. In addition, quantification of the gyri showed that they did not significantly increase as animals aged beyond 1 month after SE. Therefore, it appears that there is a slow accumulation of immature neurons at the base of gyri where they stall in their maturation at the stage where DCX is expressed. Importantly, previous studies have shown that adult-born neurons are delayed in their maturation after SE (Overstreet-Wadiche et al. 2006a ). In addition, there is a slower rate of maturation in the temporal part of the DG than the part of the DG closest to the septum (Snyder et al. 2012) .
The implication of the results are important to consider in the context of many other abnormalities of adult neurogenesis that occur after SE. Immediately after SE, proliferation greatly increases and the newborn cells contribute to a greatly increased number of neurons (Parent et al. 1997 ). Many of these neurons do not migrate correctly, leading to ectopic granule cells (Scharfman et al. 2000) . Other neurons migrate to the GC layer correctly but develop basal dendrites (Spigelman et al. 1998; Ribak et al. 2012 ). Other GCs hypertrophy or are abnormal in morphology Pun et al. 2012; Hester and Danzer 2014) . The current study also suggests that in the most posterior sections of the DG there is an accumulation of immature neurons in gyri and this abnormal spatiotemporal distribution increases as the time after SE increases so that the primary site where immature neurons exists is large gyri, at least for the most posterior parts of the hippocampus.
Relevance to gyrification in neocortex
Cortical gyrification in humans is a normal part of brain development that begins in prenatal life and ends after childhood (Magnotta et al. 1999) . Although the DG has gyri in humans, they have not been studied to our knowledge, possibly because of the small size of the DG, making it hard to examine with current imaging techniques. However, cortical gyri have been studied. In disease, Brain Struct Funct (2017) 222:4219-4237 4233 abnormal gyrification has been reported, and it is often attributed to errors of cortical development (Armstrong et al. 1995) . Abnormal gyrification has been described in schizophrenia (Kulynych et al. 1997; Vogeley et al. 2000; Sallet et al. 2003 ), dyslexia (Casanova et al. 2004 , and autism spectrum disorders (Schmitt et al. 2002; Hardan et al. 2004 ).
In temporal lobe epilepsy, abnormal cortical gyrification has been discussed but there is not necessarily increased folding; instead, there is often a thinner neocortical width (cortical atrophy), steeper neocortical gyri or changes in curvature of the gyri (Oyegbile et al. 2004; Lin et al. 2007; Ronan et al. 2007 ). Interestingly, Oyegbile et al. (Oyegbile et al. 2004) showed increased neocortical gyrification was greater in females, although the sample size was small. These data about females are consistent with our studies where the measurement of maximal gyrus length in females was greater than males.
Notably, one study did show that there was increased neocortical complexity in temporal lobe epilepsy, with increased folding (Voets et al. 2011) . That study parallels our findings in the DG in an animal model of epilepsy. In this context, it is interesting to consider teleological parallels that have been made between human neocortical and DG gyrification, with stem cells being important to both (Hevner 2016) . It is also interesting to note that the subventricular zone gives rise to neurons after brain injury in rodents (Kaplan 1988; Alvarez-Buylla et al. 2000; Gu et al. 2000; Parent 2003) . Therefore, in both the epileptic neocortex and DG, increased adult neurogenesis after brain insults could lead to increased numbers of neurons, causing increased gyrification in both locations.
Physiological effects of gyrification
We found that epileptiform burst discharges were prolonged in gyri but the amplitude of the burst discharges was similar in and outside gyri. The prolongation of discharges suggests that neurons in gyri were more excitable and mechanisms related to the duration of discharges were particularly affected. One explanation is that increased numbers of GCs in close apposition, as occurs in a large gyrus, would be likely to have reduced astrocytic buffering of [K ? ] o and the elevation of [K ? ] o could cause a depolarization of surrounding cells, leading to a more prolonged burst discharge.
There may be a reason why the amplitude of the burst discharges did not appear to differ in and outside gyri. This may be related to an increase in activity of both GABAergic neurons and GCs at the onset of a discharge. Ultimately the activity of GABAergic neurons may lead to depletion of GABA because this has been suggested to occur at the onset of seizures (Zhang et al. 2011 (Zhang et al. , 2012 .
After that time, after the initial peak in amplitude of the burst discharge, continued depolarization of GCs by elevated [K ? ] o might cause a greater excitatory influence on GCs than inhibitory mechanisms could control, prolonging the burst discharges.
Whether the increased gyrification contributes to seizures is an interesting question but not clarified by the results. However, it is notable that the ventral hippocampus is thought to be highly excitable (Borck and Jefferys 1999) , possibly because of strong recurrent excitatory circuits between the DG and CA3 (Scharfman 2007) , and the results presented here suggest another possible mechanism-increased gyrification in the DG. It is also noteworthy that the ventral hippocampus is considered to be a site of origin of seizures after pilocarpine-induced SE, based on studies showing the ventral hippocampus exhibits early neuronal activity at the start of a spontaneous seizure (Toyoda et al. 2013 ). The corresponding area in humans is considered highly ''epileptogenic'' (Masukawa et al. 1995; King et al. 1997) , but in humans the DG has gyri normally so it remains to be seen if its epileptogenicity is due to an increase in that DG gyrification or other factors. Further studies will be required to prove that the gyrification shown here plays a role in the chronic spontaneous seizures in TLE.
